We demonstrate how abreaction corrected transmission electron microscopy (TEM) analysis techniques that are commonly used in nanostructure characterization can be used to study the morphology of graphene and other 2D materials at atomic scale, even subangstrom scale, and evolution of nanostructure and from which we determine the graphene components nanofabrication process. The key contributions of this work are perhaps focused on two areas: (1) recent progress on graphene characterization from the TEM aspect and (2) how the electron beam can be used to fabricate nanoribbon from graphene or similar 2D material.
Graphene Introduction
Graphene is made out of single-layer carbon atoms arranged on a hexagon structure [1] and is known for its outstanding material owning to its actual and potential applications [2] . It is a typical two-dimensional (2D) allotrope of carbon and hence has fascinating electrical, mechanical, and optical properties [3] . Due to the strong force between atoms in graphene, electron can hardly be interfered even when surrounding atoms are under crumpling in room temperature. The mobility of graphene can reach 2 × 10 5 cm 2 V −1 s −1 , 140 times higher than silicon [4] . Its intrinsic strength is reported to exceed that of other crystalline structures, which provides potential value in the field of 2D composite material [5] . Theoretical and experimental results indicate that monolayer graphene can only absorb ∼2.3% of incident white light and each layer adds another 2.3%, which means that the number of graphene layer can be estimated by its opacity [6] .
Numerous efforts have been reported for the preparation of graphene with single or few layers, such as mechanical exfoliation of highly ordered pyrolytic graphite (HOPG) [7] , chemical vapour deposition [8] [9] [10] [11] , and liquid phase exfoliation of graphite [12] [13] [14] . It is known that graphene is a zero gap material where the upper and lower bands are generated at the point having a linear dispersion in the Brillouin zone (BZ) [15, 16] . If we introduce graphene nanoribbons (GNRs) narrowing the width of graphene into quasi-one-dimensional structures, band gap could be expended, which can be utilized as semiconductor for excellent switching speed and high carrier mobility for transistor operations [12] . It has been shown experimentally that zigzag and armchair GNRs edges result in different electronic properties. The zigzag edges appear to have a high density of electronic states at the Fermi level [17] . And the zigzag and armchair edges of graphene can be reconstructed and interconverted under transmission electron microscopy (TEM) [18] . Microscopic roughening is an essential reason for structural stability of 2D materials. The electronic, thermal, and mechanical properties of graphene are sensitive to the inevitable presence of defects [19] and grain boundaries [20] . Hence, it is quite important to get credible observation into atom structures. By using transmission electron microscopy (TEM), extensive wave structure has been found on single-layer graphene sheet with a magnitude of 1 nm [21] .
TEM and EELS Introduction
TEM is a widely used technique for the physical characterization of semiconductor devices and thin films. TEMs are best known for imaging the morphology of a specimen, but a whole range of additional techniques is available in TEMs to extract chemical, electrical, and structural information. By using the parallel electron beam of the TEM, for example, local diffraction patterns can be measured, which can provide accurate measurements of the crystal system and parameters. The electron beam could also be converged for diffraction measurements at even smaller areas of a few nanometers in diameter. Thus, the obtained converged beam electron diffraction pattern contains structural information in all three dimensions, as well as a means to accurately measure the specimen thickness. A function often found on modern TEM is the STEM (scanning TEM) option. In this mode, the electron beam is further converged to a small probe with a diameter that can be varied from a few nanometers (for high-current measurements) down to the 0.1 nm (low-current) regime. STEM has only recently become a more widely used technique for the study of semiconductors. In the sections to follow, this paper will show the versatility of STEM for the study of semiconductor devices. In fact, it is often the only available characterization technique that can provide the necessary analysis of a device or interface. Its relatively recent growth in popularity in this field warrants a brief overview of STEM analysis.
STEM and TEM are usually performed with the same instrument; in fact, when a specimen can be imaged with TEM, it can also be imaged with STEM, likewise with atomic resolution. A comparison of STEM and TEM is given in Figure 1 . In general, it can be said that TEM images reveal rich details on the morphology and crystal structure; STEM images often do not resolve polycrystalline structures. On the other hand, annular dark field (ADF) STEM images are much more directly interpretable. Their contrast reflects only two parameters: the (average local) atomic number and the specimen thickness. Therefore, if an area appears bright in an ADF STEM image, it is locally thicker or (more commonly) locally contains heavier elements. Figure 1 (c), for example, immediately shows the presence of the hafnium-containing highlayer, which is much less obvious in the TEM image. Another advantage of STEM imaging is the lack of "TEM delocalization effects" at interfaces. Unless most spherical lens aberrations are corrected-which is only the case in high-end, corrected TEMs-the exact location of interfaces will often not be clear in TEM images. STEM images give more reliable information on the location and quality of an interface; they show directly where atom columns are located, in contrast to conventional TEM images. Figure 2 shows the nanoscale structure of graphene. It shows direct morphology of honeycomb like structure. Figure 3 shows the evolution of graphene defects formation. Figure 4 shows the grain boundary of polycrystalline graphene. It is interesting to note that the grain boundary has no affection on the electrical transmission.
Both STEM and TEM can be used for chemical mapping, using electron energy-loss spectroscopy (EELS). In TEM mode, such an energy-filtered image is recorded for each element separately; for STEM, the whole EELS spectrum is recorded in parallel but acquired with only one image pixel at a time. Therefore, energy-filtered TEM maps are more efficient for imaging a large area, where many image pixels are needed. STEM on the other hand allows for a much more detailed spectral analysis of small areas or interfaces. Simultaneously with the acquisition of an ADF STEM image, EELS and EDX (energy-dispersive X-ray) spectra can be obtained. The combination of these techniques can give a comprehensive chemical analysis of a critical part of a device, with nanometer resolution. Due to the lateral nature of semiconductor devices, there is usually only one critical dimension for which nanometer-scale analysis is needed. An obvious example on which we will focus in this work is the chemical analysis of the various layers in gate stacks, for which line scans (or even point analysis) are usually sufficiently conclusive.
A few introductory words are in place regarding the analytical techniques EDX and EELS. When the small STEM probe travels through the specimen at a specific point, some of these fast electrons will interact with the specimen material. One interaction that will take place is the excitation of core-electrons. When this happens, some of the energy from the fast electron is transferred to the specimen electrons in the s, p, d, and so forth, core shells, which in turn are excited into empty energy states in the conduction band. Nearly immediately, a "free" or conduction electron will fill the empty core state, relieving the energy difference by emitting an X-ray. So, two effects occur: an X-ray is generated (this is detected with EDX) and the fast electron has lost some of its initial energy (this energy loss is detected with EELS). The peaks that are observed in EDX and EELS spectra are typical for each chemical element and core level and can therefore be used to chemically analyze the small area where the STEM probe is located. EDX spectra can be widely dispersed, covering all chemical elements. EELS has a much smaller energy dispersion, but higher spectral resolution. As a result, EELS can be used to study a few selected elements in much more detail. Not only the presence of these elements can be revealed, but also their bonding nature, since the shape of the EELS peak will be a reflection of the local density of unoccupied electron states. EELS can therefore in some cases be used to measure local changes in bonding type, shifts in the conduction band onset, and changes in valence states. Localized measurements of semiconductor band gap energies are also possible, but with a degraded spatial resolution of ∼10 nm instead of less than 1 nm [1] . A word of caution is in place when accurate chemical profiles are required. For this, it is often recommended to use EDX instead of EELS. Due to the small, on-axis collection angle of EELS detectors, EELS maps or line scans are sensitive to changes in average atomic number [2] . As a rule of thumb: when the STEM image shows large contrast variations at the area of interest, it is recommended to use EDX and not EELS for chemical profiling.
The following section will show examples of how to apply (S)TEM-EELS to the nanoscale characterization of advanced gate stacks.
Dynamic Fabrication of 2D Material
The 2D transition metal dichalcogenides have been studied for decades for their electronic, optical, and catalytic properties as well as specific mechanical properties [23] , but how to shape them into nanoribbons has hardly been studied. Here we find a novel approach to fabricate uniform, robust semiconducting molybdenum sulfide ribbons with subnanometer width simply by in situ electron irradiation in a transmission electron microscope. It is shown that the sulphur atoms at the edge of a MoS 2 sheet are too fragile to stand against the electron beam, so that holes of defects, once being created, can rapidly spread and approach each other and form ribbons between them. When the ribbon width is narrowed to a critical size well below one nanometer, phase transition into a semiconducting Mo 5 S 4 structure occurs spontaneously before the holes breaking into coalescence, which is mechanically strong and robust to the electron beam. This approach could be developed into a general controllable method for fabrication of subnanometer building blocks from transition metal dichalcogenide sheets for future functional devices.
Our in situ electron irradiation experiment starts with a monolayer MoS 2 sample prepared by micromechanical cleavage as identified by both optical (Figure 5(a) ) and high resolution transmission electron microscope (HRTEM) characterization (Figures 5(b) and 5(c) ). Under the irradiation of electron beam, defects can be created in the atomic thin 2D sheet once the beam energy exceeds the knock-on damage threshold of the sheet. The thresholds for removing sulphur and molybdenum atoms from a perfect MoS 2 sheet are calculated by first-principles theory to be 6.93 and 18.26 eV (Table 1 and [24] ), respectively. Once a hole is created in the sheet, the threshold for removing a sulphur atom from an armchair or zigzag edge is significantly reduced to 5.74 or 5.23 eV (Table 1) , respectively. As the maximum energy transferred from an 80 kV electron to a sulphur atom is about 6 eV, between the thresholds of the edge and interior sulphur vacancies of the MoS 2 sheet, we chose an acceleration voltage of 80 kV to achieve enough resolution while maintaining the MoS 2 sheet in highly crystalline. The electron beam was firstly focused to 40 A/cm 2 to induce initial defects and holes in the MoS 2 sheet. After 81 seconds of irradiation, small vacancy aggregations formed as labelled by the arrows in Figure 1(d) . As the edge of the defects is much weaker, all the defects spread rapidly in exposure to the irradiation. After another 103-second irradiation, the defects grew into holes with diameters of 3∼6 nm as shown in Figure 5 (e), with an average edge shrinking speed of about 0.02 nm/s. Along with the growth of holes, the connecting regions between them were narrowed into nanoribbons, showing a trend for coalescence. But just before the coalescence occurred, the thinnest connecting ribbon spontaneously turned into a fine ribbon with distinguished structural feature and uniform width of 0.35 nm ( Figure 5(f) ), which was robust to the dense electron irradiation. On the other hand, as the maximum transferred energy to Mo atoms is much less than the threshold for removing Mo atoms, aggregation of molybdenum at the edges of holes, especially at the ends of the fine ribbons, can be found. To carefully investigate the surprising fine ribbon, we decreased the beam intensity to 10 A/cm 2 . The typical formation and elongation process for a fine ribbon was recorded in Figures 5(g) to 5(l) . The formed ribbon showed uniform width with identical atomic structures, in sharp contrast to the mother MoS 2 at its ends.
Conclusion
We studied physical and chemical properties of graphene and introduced theoretical and practical use of TEM. Using TEM/EELS and STM techniques, we have successfully decoded the chemical nature of defects and grain boundaries of graphene. Then we developed a novel approach to fabricate uniform, robust semiconducting molybdenum sulfide ribbons with subnanometer width simply by in situ electron irradiation in a transmission electron microscope, and presented excellent experimental results.
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